ESPITE advances in the understanding and treatment of intracranial hypertension, the outcomes in patients with severe diffuse brain swelling or intractable intracranial hypertension remain poor. Based on a review of Traumatic Coma Data Bank records, the mortality rate in patients who suffered a diffuse head injury was 34%; a good outcome or moderate disability was documented in only 16.4%. Similarly, in patients with elevated ICP persisting after TBI, death or a poor outcome is almost universally observed. 33 The deleterious effects of secondary insults are well defined, and several investigators have identified the relationship between secondary insults and poor patient outcome. 1, [6] [7] [8] [9] 19, 20, 23, 32, 36 Rose, et al., 39 reported that approximately one third of the deaths in head-injured patients are caused by complications due to secondary insults. In addition, they found that at least 75% of these insults were avoidable. In caring for severely head injured patients, the prevention and treatment of secondary ischemia is as important as the treatment of the primary injury.
cause cell swelling is the result of net ion and water movement, it is crucial to have a thorough understanding of the time course and magnitude of these transient phenomena.
The purpose of this study was to characterize the effects of secondary ischemia following TBI on the ability to restore ion homeostasis. Additionally, we sought to determine the capacity and threshold for restoring the disturbances that lead to elevated ICP.
Materials and Methods

Experimental Protocol
Twenty-four adult male Sprague-Dawley rats weighing 340 to 375 g were divided equally into four experimental groups: CAO for 15 minutes (Group 1); 60 minutes of CAO (Group 2); TBI (Group 3); and TBI combined with 15 minutes of CAO (Group 4). The animals were initially anesthetized with halothane, intubated, and mechanically ventilated via an endotracheal tube with 1.5 L/minute N 2 O, 0.8 L/minute O 2 , and 0.6% halothane. Arterial blood gas levels were maintained throughout the experiment (PO 2 100-130 mm Hg and PCO 2 
35-40 mm Hg).
Bilateral femoral arteries and a single vein were cannulated to obtain measurements of MABP and arterial blood gas levels, as well as to deliver fluids. The MABP was maintained at 100 mm Hg. The animals were hydrated with saline at a rate of 10 ml/kg/hr, and their temperature was maintained at 37˚C by using a rectal temperature probe and a heating lamp.
Surgical Procedures
In animals undergoing CAO, a midline neck incision was made, and all overlying neck muscles were carefully reflected to expose the common carotid arteries. Snare ligatures consisting of No. 3-0 Ethicon (Johnson & Johnson, Somerville, NJ) were looped around the common carotid arteries. The animal was positioned in a stereotactic frame (David Kopf Instruments, Tujunga, CA), and ear bars were used to secure the head. A midline incision in the scalp was made, and all overlying tissue was reflected. Four burr holes were made for placement of the Na ϩ and K ϩ ion-selective electrodes, the reference electrode, and ICP sensor.
Induction of Ischemia
Transient forebrain ischemia was produced using a model of CAO combined with hypotension. 37, 41 Hypotension was achieved by withdrawing arterial blood and increasing the level of halothane anesthetic to reduce MABP by Ϯ 40 mm Hg. Halothane was increased 45 seconds prior to occluding the CAs. The timing of the ischemic insult began when MABP reached 40 mm Hg. The brain was reperfused by removing the CA snares, infusing the arterial blood, and decreasing the halothane to return MABP to baseline values.
Traumatic Brain Injury
The impact-acceleration model of closed-head injury was used to induce TBI. 30 Briefly, a midline scalp incision was made, and the skin and periosteum were reflected. A 10-mm round stainless-steel disk was positioned midline between the bregma and lambda and fixed to the skull vault with superglue. The rats were placed prone on a foam bed with a known spring constant under a hollow Plexiglas tube. A sectioned brass weight of 450 g was dropped from a height of 2 m onto the center of the metal disk. After injury, the animal was reconnected to the ventilator. In animals undergoing TBI and CAO of 15 minutes' duration (Group 4), the same ischemia protocol was followed as for those undergoing 15-minute CAO alone (Group 1); following impact-acceleration injury, the rats were placed in the stereotactic frame and ischemia was initiated.
Ion Analysis
Custom-fabricated ion-selective electrodes (Microelectrodes, Inc., Bedford, NH) were used to monitor [K ϩ ] e and [Na ϩ ] e . 42 The electrodes were calibrated using mock-cerebrospinal fluid solutions with concentrations of K ϩ and Na ϩ ranging from 0 to 50 and 160 to 75 mM, respectively. Following calibration, the ion-selective electrodes were inserted into the parietal cortex, 1.5 mm below the dura mater. After allowing 1 hour for stabilization, a 10-minute baseline was es- tablished. In those animals undergoing impact-acceleration injury, the electrodes were temporarily removed to induce TBI.
Statistical Analysis of Ionic Changes
Each animal served as its own internal control. To allow for variability of animals and determine significant changes in Na ϩ and K ϩ , a 95% confidence interval (Ϯ two SDs) was established in each experiment by using the first 10 minutes to establish baseline values. Repeated-measures one-way analysis of variance was used to determine the time points at which ICP deviated from the respective baselines. A one-way analysis of variance was used to determine statistical significance among groups. Probability values of less than 0.05 were considered statistically significant. Data are presented as the mean Ϯ SD.
Results
Ischemic Injury
Physiological Parameters. The MABP was significantly reduced during the ischemic period (40 Ϯ 12 and 39 Ϯ 7 mm Hg [p Ͻ 0.05] in Groups 1 and 2, respectively; Figs. 1 and 2). It returned to preischemia values in both groups following the ischemic insult. The ICP appeared to alter slightly from baseline, but it did not significantly differ from control values in Group 1 (Fig. 1) . In Group 2, ICP transiently increased after ischemia and remained elevated (13 Ϯ 1 mm Hg) for 10 minutes (p Ͻ 0.05) but then gradually returned to baseline values (Fig. 2) .
Potassium. Ischemia resulted in a rapid accumulation of ] e exhibited its lowest value (63 Ϯ 33.59 mM) but gradually returned toward baseline (Fig. 3) . The calculated half-life of [Na ϩ ] e , 4.2 Ϯ 1.64 minutes, was similar to the calculated times in both ischemia groups ( Table 2) . As was observed in the ischemia groups, [Na ϩ ] e briefly rose above baseline and then gradually returned to pre-TBI values (143 Ϯ 17 mM).
Traumatic Brain Injury and Secondary Ischemia (Group 4)
Physiological Parameters. Blood pressure was significantly reduced during the ischemic period but returned to control values when ischemia was terminated. Intracranial pressure exhibited a marked rise following ischemia and remained significantly elevated for the duration of the experiment (Fig. 4) ] e failed to return to baseline values and remained significantly elevated for the duration of the experiment (Fig. 4 and Table 1) .
Sodium. The mean baseline [Na ϩ ] e was 147 Ϯ 15 mM. Similar to that observed in animals undergoing ischemia alone (Group 3), the greatest change in [Na ϩ ] e was demonstrated at the termination of the ischemic insult (42 Ϯ 12 mM) (Fig. 4) ] e , which are restored to baseline after injury. Secondary ischemic insults, however, impede the restorative capacity of the injured brain and prevent the return of ion homeostasis, which contributes to the development of raised ICP.
In the uninjured brain, ion gradients are established and maintained by active and passive processes in cells. Traumatic brain injury and ischemia trigger a cascade of events, including mechanical deformation, neurotransmitter release, metabolic energy perturbation, and membrane depolarization, that lead to ion dysfunction. driving force for ion movement is the same and results from ions diffusing down their electrochemical gradients. In an attempt to restore ion homeostasis there is increased activity of transport processes and subsequent energy consumption. 47, 48 When transport processes are damaged or overwhelmed, however, the ability to maintain these gradients is surpassed. A compounding factor is that during this time of increased energy demand, there may be reduced ATP production due to decreased delivery of metabolic substrate or impaired mitochondria activity. As a result, there is a mismatch between the energy produced and the energy needed to restore ion homeostasis.
The ability to measure the degree and time course of altered ion homeostasis is crucial to understand brain injury and swelling. It is well documented that [K ϩ ] e increases during brain injury. 10, 25, 26, 35, 40 Based on simple pathophysiology, the inability to maintain ion gradients should be accompanied by a concomitant movement of Na 
Secondary Insults
The pathological cascades caused by trauma and secondary injury are the result of numerous cascades, and as a result, defining the sequence of events is an arduous task. In earlier studies of various brain injury models investigators reported the deleterious effects of posttraumatic secondary insults. 23, 28, 34 Secondary insults prolong the time of BBB disruption 4 and contribute to the regional breakdown of the BBB. 43 In other studies, Kita and Marmarou 28 and Ito, et al., 21 have demonstrated posttraumatic increases in brain edema and rapidly rising ICP, which contribute to secondary damage in the injured brain. 20, 22, 41, 43 Taken in concert with the present findings, when trauma is followed by secondary ischemia, the brain is unable to restore ion homeostasis, ion dysfunction persists, and is accompanied by elevated ICP. Cerebral blood flow values were not obtained in the present study. The present experimental design required four burr holes, two bilaterally. Implementation of CBF monitoring would require additional, larger burr holes. Omission of CBF monitoring, therefore, allowed for a larger skull surface for the impact-acceleration injury; however, we cannot determine if the failure to recover from ion dysfunction was the result of reduced CBF, mitochondria injury, and impaired ATP production, or if it was the result of inadequate energy supply.
Both trauma and ischemia are sublethal in isolation, causing minimal neuronal damage after 24 hours. 49 When these injuries are combined and trauma is followed by a secondary ischemic insult, there is increased neuronal damage. The model used is one of severe TBI and has been well characterized for neuronal damage, edema formation, and BBB disruption. 4, 5, 30, 49 The ischemia durations were chosen based on previous unpublished observations, which revealed that 15 minutes of CAO-based ischemia consistently resulted in the restoration of ion homeostasis with a concomitant return of EEG activity. Conversely, 60 minutes of CAO-based ischemia, although it consistently resulted in the restoration of ion homeostasis, failed to reestablish EEG activity. Ischemia of 30 and 45 minutes varied with the ability to restore EEG.
We confirmed in the present study that ionic homeostasis is completely reversible after ischemia and TBI. When trauma is associated with a secondary insult such as ischemia, however, the injury is severe and ionic dysfunction persists. Additional studies are needed to determine if the inability to restore ion dysfunction is the result or cause of increased neuronal damage.
Energy-Dependent Processes
The production of ATP in both ischemia and trauma necessitates the delivery of a substrate in sufficient amounts so that levels of ATP meet the demands of the injured cells. Restoration of CBF provides O 2 and substrate to the injured brain; however, mitochondrial function is a prerequisite for the ability to produce ATP. Although mitochondria are extremely sensitive to ischemic injuries, ATP production can be restored after ischemia. 15, 29, 38 The results of TBI studies confirm the preservation of cortical mitochondria and the capacity to produce ATP. 14, 45, 46 In a study involving the same model of TBI, mitochondria oxidative capacity was elevated within 1 hour of trauma. Moreover, the cytosolic phosphorylation ratio was reduced, representing an increased demand or hypermetabolic state of the injured brain. Analysis of the results of this study suggests that the mechanisms of ion restoration following injury involve energy-dependent processes. Secondary ischemic insults exacerbate brain injury and impair the ability to restore ion homeostasis that is crucial for proper neuronal function, and they contribute to raised ICP.
